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(57) Abstract 

A stimulator for regulating heartbeat rate as a 
function of myocardial contractility has a lead with a 
tip (25) positioned in the myocardium with a pressure 
sensor (26) for measuring myocardial contractility and 
electrodes (42, 43) for sensing the electrocardiographi- 
cal signal of the heart and for applying stimulation to 
the heart, leads (21, 22, 23) for connecting the sensor 
(26) and electrodes (42, 43) to signal processing (51) 
producing a trigger signal from the heartbeat to pulse 
circuit (53) and a data signal from the sensor to ana- 
log-to-digital converter (52), a microprocessor controll- 
er (56) uses both signals to adjust the rate at which ti- 
ming signal generator (60) actuates output circuit (62) 
to provide stimulation to electrodes (42, 43). External 
programming signals circuit (58) communicates with 
the microprocessor controller (56). 
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Myocardial Contractility-Sensitive Pacer and Method 

Background of the Invention 

This invention relates to demand-type pacing 
systems and methods and, more particularly, to 
rate-adaptive pacing systems and methods for controlling 
5 cardiac pacing rate as a function of a monitored cardiac 
parameter such as myocardial viability. 

Rate adaptive pacemaker systems are known in the 
art and are receiving increasing attention and 
commercialization. Historically, the first rate adaptive 

10 pacing systems have been the dual chamber systems, e.g. 
atrial synchronous systems, where the pacing of the 
ventricle is coupled to or synchronized with detected 
atrial beats. Such dual chamber systems have the clear 
advantage of optimally simulating normal physiological 

15 response, since they derive the timing of the pacing 

pulses from the atrial response which is induced by the 
natural heart pacemaker. However, dual chamber systems 
have certain disadvantages which have been recognized in 
the literature, as well as certain practical 

20 disadvantages. It has been reported that atrial 

synchronous pacing is not suitable for up to 76% of 
pacemaker-indicated patients. See Rate Responsive Pacing, 
Rickards et al, Clin. Prog. Pacing and Electrophysiology , 
Vol. 1, No. 1, 1983, pp. 12-18. 

25 Dual chamber pacemakers have never been 

prescribed with the frequency of single chamber 
pacemakers, for the practical reasons of expense, the need 
to place pacing leads into both chambers and the potential 
complexities of dual chamber pacing (such as pacemaker 

30 mediated tachycardia) which can be avoided in patients who 
can be well treated with the simpler single chamber 
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The single chamber demand pacemaker, while 
simplest and most reliable in terms of system complexity, 
carries the fundamental limitation of not being able to 
adapt its response to normal patient needs. It is well 
known that the requirements of blood flow vary widely as a 
function of both physiological (exercise) and emotional 
occurrences. The normal heart adjusts blood flow by 
varying both stroke volume and rate, the blood flow being 
the result of the product of those two variables. While a 
single chamber pacemaker cannot adjust stroke volume, it 
can adjust heart rate by the relatively simple technical 
expedient of adjusting the rate of the delivered pulses. 
The adjustment of rate alone is considered to provide 
about 8 0% of the total blood flow change. See the 
above-cited Rickards et al paper. 

in response to the recognized desirability of 
being able to automatically adapt pacing rate, e.g., 
increase exercise tolerance, there has been a great deal 
of work and progress, including several commercial 
pacemakers incorporating different feedback systems for 
controlling pacing rate as a function of one or more 
sensed cardiac or body parameters. For a summary of such 
systems, see "Principles of Exercise-Responsive 
Pacemakers, ■ IEEE Engineering in Medicine and Biology 
Magazine, June 1984, pp. 25-29; "The Exercise-Responsive 
cardiac Pacemaker," IEEE Transaction on Biomedical 
Engineering, Vol. BME 31, No. 12, December 1984. 

The system and method of this invention are based 
upon our observation that the rate adaptive pacemaker 
principle is efficiently carried out by controlling the 
function of one or more parameters which normally and 
directly control (or are concomitant with) pacing rate in 
a healthy person. This approach is contrasted to many of 
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the systems that are presently being investigated, wherein 
indirect parameters such as respiration rate, oxygen 
saturation, etc. are monitored and utilized in the rate 
adaptive feedback loop. It is known that there are a 
5 number of pathways that directly affect the heart, one 
being the cardiac sympathetic nerves, and the other being 
direct release of hormones or catecholamines into the 
bloodstream. In a normal state the neuroendocrine system 
stimulates various cardiovascular receptor sites, thus 
10 controlling both the heart rate, which is triggered by the 
natural pacemaker (sinus node) and myocardial 
contractility which brings about an increase in 
hemodynamics (pressure-flow). In patients who do not have 
an intact conduction system, e.g., sino-atrial node 
15 dysfunction, the concomitant events that should take 
place, namely increase in rate and contractility, are 
disrupted or impaired. Thus we make our observation that 
the ability to directly detect changes in sympathetic 
drive, ventricular contractility or circulation 
20 catecholamine levels constitute an appropriate means of 
obtaining information for control of a pacemaker. 

It is very unlikely that an artificial 
chemoreceptor for detecting sympathetic tone or 
catecholamine level can be perfected in the near future, 
25 although such an accomplishment could provide a medically 
attractively solution to pacemaker control. Another more 
practical approach for the present in achieving a 
closed-loop physiologically responsive pacing system is to 
measure changes in the contractile state of the cardiac 
30 muscle itself. This can be accomplished, at least 

presently, by two different means. A first means is to 
measure stress in the muscle wall ( int ramyocardial 
pressure, or IMP) and the other is to measure the regional 
wall thickening or fiber-shortening of the muscle. The 
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former can be done by use of ultrasonic A-scan imaging, 
and the latter with pressure, and pacing rate is varied 
directly as a function of the sensed IMP signal 
characteristics. The high sensitivity of the sensor 
provides system reliability, and an overall system 
response of less than 30 seconds is achieved. 
arief Description of the Drawings 

Figure 1A is a schematic illustration of a lead 
tip placed in the myocardium of the left ventricle, the 
lead tip containing an IMP sensor as well as pacing 
electrodes. 

Figs. IB and 1C are schematic illustrations of an 
electrode tip of this invention showing a pressure sensor 

and electrodes. 

Fig. ID is a schematic illustration of an 
alternate electrode tip placed in the myocardium. 

Fig. 2A is a schematic illustration showing a 
screw in tip' in accordance with this invention placed in 
the myocardium of the left ventricle, and a transvenous 
catheter with another tip in accordance with this 
invention positioned in the myocardium at the septum or 

apex of the right ventricle. 

Fig. 2B is an enlarged schematic showing the 
detail of the tip of the transvenous catheter illustrated 

25 in Fig. 2A. 

' Fig. 3 is a block diagram showing the overall 

pacing system and method of this invention. 

Figs 4A and 4B show an illustrative algorithm for 
use in the pacemaker and method of this invention; Fig. 4C 
illustrates changing heart rate as a function of IMP and 
the derived IMP function FNC(t). 
A Description of the Prefer red Embodiments 

As discussed above, and illustrated in the 
drawings, this invention comprises a pacemaker system and 
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method for controlling pacing rate as a function of sensed 
myocardial contractility. Although other types of sensors 
can be used within the scope of this invention, the 
preferred embodiments are illustrated utilizing a pressure 
sensor for sensing of IMP. Referring to Fig. 1A, there is 
shown a schematic of a sensor adapted to be placed in the 
myocardium of the left ventricle. The sensor preferably 
has threads - enabling it to be screwed into the 
myocardium. The sensor 26 is positioned on the tip of 
lead 25, which lead also carries electrodes 32, 33. The 
pressure sensor and electrodes are connected by suitable 
conductors, not shown, to the pacemaker of the system. As 
seen in Figs. IB and 1C, the pressure sensor is implanted 
within the tip of the lead, and may be covered by a 
15 silicone rubber diaphragm 28 or other suitable cover 
which permits the external pressure to be communicated 
through to the sensor. The sensor is shown communicating 
through the lead by means of one or more conductors 21. 
The electrodes 32, 33, communicate electrically through 
the lead by conductors 22, 23. As is well known, the 
pacing system may be unipolar or bipolar, this being a 

matter of design choice. 

A preferred sensor for assessing IMP is a 
MIKRO-TIP (registered trademark) pressure sensor made by 
25 Melar Instruments, or an MMI-Gaeltec transducer. The 

pressure sensor is preferably mounted at the end of a 3-Fr 
catheter, being 1mm in diameter. The transducer operates 
on the principle of producing a varying electrical signal 
output proportional to the magnitude of sensed pressure 
stress resulting from deformation or strain of a difused 
semi-conductor. Conventional electronics (full-bridge 
circuit) converts this resistance change to voltage 
change indicative of stress or pressure applied directly 
on the sensing area. 
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Fig. ID is another schematic view of a catheter 
or lead tip for use in this invention, which includes one 
or more additional sensors as well as the IMP sensor. A 
thermistor 35 is illustrated at the very end of the tip, 
5 and a P H sensor is also illustrated at 36. Appropriate 
leads through the catheter length are utilized for 
communicating the sensor signals back to the pacemaker. 
As discussed hereinbelow, the utilization of additional 
sensed parameters is embraced within an embodiment of this 
invention, the additional information being utilized to 
correlate the IMP data in determining the desired pacing 
rate. Also, as mentioned above, although not illustrated, 
additional types- of mycardial contraction sensors are 
available and are within the scope of this invention, i.e. 
ultrasonic A-scan imaging and intramural. sonomicrometric 

sensors . 

Referring now to Fig. 2A, there is shown a 
representation of a human heart with two illustrations of ■ 
lead placements as may be utilized in the practice of this 
invention. A screw-in epicardial-type lead 39 having a 
tip head 35 is shown screwed into the heart wall, 
penetrating through the epicardium into the myocardium of 
the left ventricle. The technique that is used with this 
type of electrode is the known technique of securing the 
electrode to the heart wall through a left thoracotomy. 
An alternate embodiment uses a conventional transvenous 
catheter, or lead system as illustrated by lead 41, having 
the pressure sensor located as indicated at 42 at the 
distal tip end, and having fixation means 43. It is known 
in the art that transvenous electrodes are available for 
insertion into the right ventricle, with varying types of 
fixation elements for fixing the lead against and indeed 
into the heart wall. As indicated in Fig. 2B, the 
transvenous electrode lead 41 may have a retractable 
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sleeve 45 operable in a known fashion for exposing the far 
distant tip of the lead after initial placement within the 
right ventricle. For placement in the right ventricle, it 
is noted that the right ventricle wall is relatively thin 
5 and thus not preferable for providing a good indication 
for wall stress changes resulting from changing 
contractility. It is accordingly necessary to position or 
steer the lead so that it is anchored in the apex, or the 
septal wall. 

10 Referring now to Figure 3 there is shown a 

schematic diagram illustrative of the pacing system and 
method of this invention. As illustrated, a pacemaker 50, 
suitably implanted in the patient, communicates with the 
lead tip 25 which is fixed in the myocardium, through 

15 electrical conductors 21, 22, 23. Pacemaker 50 is 
suitably a programmable pacemaker and can receive 
programming signals from an external source 58 of known 
design, and additionally can communicate information back 
out to the external apparatus 58. As illustrated, the 

20 pacemaker is preferably microprocessor controlled in order 
to provide optimum control, is known in the art. Suitable 
battery source means, not illustrated, provide power to 

the pacemaker. 

Two inputs are received from the implanted lead 

25 tip, namely the IMP sensor data and the sensed QRS 

signal. These are inputted to signal processing circuit 
51 of conventional design, which detects the inputs and 
provides clear signal outputs. For the IMP data, signal 
processing circuit 51 may suitably include a bridge-type 

30 configuration for measuriDq the impedance change of 
pressure sensor 26. The IMP data is outputted to an 
analog to digital converter 52, which converts the analog 
signal representative of IMP into a digital format 
suitable for subsequent digital processing. The detected 
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analog QRS signal is inputted to pulse circuit 53, which 
provides a timing pulse output indicative of the 
occurrence of the QRS signal when a natural heart beat has 
indeed been detected. The output of pulse circuit 53 is 
likewise inputted to microprocessor control circuit 56. 

Microprocessor controller 56 comprises the means, 
in hardware and/or software form, for carrying out the 
well known control functions performed in a modern demand 
pacemaker. Thus, the controller circuit 56 comprises a 
timing circuit for timing out a normal pulse stimulus 
rate, resetting the timing means upon the occurrence of a 
QRS, receiving programming signals from external apparatus 
58, sensing battery life, etc. Controller 56 also 
preferably utilizes a microprocessor and associated memory 
which acts in cooperation with the required analog 
circuitry for performing controller functions. In the 
practice of this invention, a microprocessor is preferred 
for carrying out the algorithm which is used for 
determining pacing rate as a function of sensed IMP. The 
alogrithm may be software-controlled by instructions 
stored in RAM or ROM, or it may be carried out by 
conventional hardwired logic circuitry. In the preferred 
embodiment, the microprocessor and a portion of associated 
memory comprise logic means for carrying out the desired 
25 algorithm, e.g., a threshold seeking algorithm using a 
non-linear average process. Further, the associated 
memory may be re-programmed to change the algorithm, 
either by changing the mathematical step performed, or by 
changing constants which are used in calculating the 
relationship between sensed IMP and desired pacing rate. 
Further, the algorithm may use other sensed parameters, 
such as a detected P H or temperature in the heart muscle 
for modifying the rate determination. The output of the 
controller 56 containing information representative of the 
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desired rate and the timing of pulse signals is connected 
to timing signal generator 60. Generator 60 produces a 
timing signal in response to the controller information, 
which timing signal is connected to output circuit 62. 
Output 62 responds to the timing signals by producing 
output pacing pulses of desired energy and form, which are 
connected to the pacing lead and hence to the electrodes 

42, 43 at the lead tip. 

Referring now to Pigs. 4A-4C, there is 
illustrated an algorithm for setting heart rate (HR) as a 
function of determined IMP. The preferred embodiment is 
illustrated as a software flowchart for use by a suitable 
microprocessor, as discussed above in connection with 
block 56 of Pig. 3. The system preferably incorporates a 
15 non-linear signal averaging means for processing the IMP 
signal. Specifically, a median average is obtained, 
followed by non-linear signal averaging. All data points 
around the median value and falling within a prescribed 
range are averaged together. This process results in 
20 relative noise immunity and prevents false trigger rates. 

The algorithm continuously develops an IMP 
function FNC, as shown at 65. This algorithm may be 
operated, for example, every pacer cycle or after an 
accumulation of IMP data over a predetermined number of 
25 cycles. The IMP function FNC is preferably characterized 
by a regression analysis between the heart rate and 
intramyocardial pressure using both the peak value of IMP 
and the peak slope as parameters for controlling the heart 
rate and determining threshold levels (e.g., TH 1 and TH 
2). FNC may also be made a function of one or more 
additional parameters measured by the lead or another 
sensor . 

The algorithm for setting heart rate is started 
as indicated at 66. The algorithm may be started, or 
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initiated, automatically during any pacer cycle, or it may 
be started only upon indication of change in IMP or FNC. 
The heart rate is intially set to 70 beats/minute (or any 
other desired basal rate) as seen at 68. The pacer then 
waits, at 70, for a convenient portion of the next pacer 
cycle. The function FNC(t) is compared to a preset 
threshold value TH1 at 72. This threshold value can be 
programmed externally to accommodate particular patient 
parameters. If the resultant function PNC(t) is less than 
the given threshold, the pacemaker remains at the preset 
heart rate, and waits at 74 for the next pacer cycle. If 
this condition is not satisfied, a timer is begun at 75. 
This timer can be programmed externally such that it does 
not allow the elevated heart rate to be maintained for 
more than 30 minutes or other desired time-interval. This 
represents a safety feature preventing a sustained high 
rate for periods well above a normal physiological 

response to stress. 

The sequence continues at 78 where FNC is 
compared to another threshold level, identified as TH2. 
When this threshold level is satisfied, the algorithm 
branches at 80 where the heart rate is set to 120 
beats/minute (which is a typical upper limit). If the 
given function is less than the TH2 level, the program 
branches at 81 where the heart rate is set at 90 
(corresponding to the first level of heart rate change). 
Following this, at 83 the timer is checked, and if the 
given period has elapsed, the program goes to 84 and the 
pacemaker reverts automatically to the basal rate (in this 
particular example it is 70 beats/minute). If the time 
interval is not exhausted, the program continues directly 
to block 85 and waits for the next cycle. At 88, another 
check is made to see if the given function (FNC) is less 
than the first threshold level (TH1). If this condition 
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ls satisfied, the timer is cleared at 89 and the program 
returns to 68 where heart rate is set to 70. If the given 
function is not less than THl r the program proceeds at 91 
and goes through another check to see if FNC is less than 
5 TH2. If the resultant outcome is negative, heart rate is 
set to 120 at block 94; if the outcome state is positive, 
heart rate is set at 90 at block 95. At both blocks 94 
and 95, the status of the current heart rate is checked 
and, if already at the indicated rate, the pacemaker is 
10 prevented from resetting. The program then goes back to 
83 where the timer is checked, and the cycle is repeated 

again after waiting at 85. 

Figure 4C illustrates changes with time of 
function FNC(t), the two preset threshold levels, and the 

15 corresponding heart rate response shown as a dashed line. 
The algorithm is not restricted to only two rates beyond 
the basal rate, but in fact can be made to respond to 
multiple discrete rates or monotonically to the 
IMP-function changes with time. In addition, it is within 

20 the present invention to telemeter all of the measured 
values to external apparatus to allow optimal 
programmability of IMP-function parameters and guide 
sensor for maximal IMP-signal recording. 
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1. 



10 



A pacemaker system for rate-adaptive pacing 

of a patient, comprising 

pulse means for generating pacing pulses; 

timing means for generating timing signals 
controlling the timing and rate of said pacing pulses, 
and connected to deliver said timing signals to said 
pulse means so as to control the rate of generated pacing 

pulses; . 

lead means for delivering said pacing pulses 

to the heart of said patient, said lead means being 
connected to said pulse means and having electrode means 
for delivering said pacing pulses to said patient heart, 
said lead means also having sensing means for sensing 
patient heart beats and for generating heart signals 

15 representative thereof, 

said lead means further being characterized 

by having IMP sensing means for sensing IMP in said 
patient heart and for generating IMP signals 

representative thereof. 

Signal processing means connected to receive 

signals from said lead means for processing said heart 
signals and IMP signals, and 

controller means connected to said signal 

processing means for generating control signals 
representative of the need to deliver pacing pulses and of 
the rate of said pulses, said controller means containing 
logic means for determining said rate as a function of 
said IMP signals, said controller means having an output 
connected to said timing means for controlling operation 
of same, whereby pacing pulses are delivered at a rate 
which corresponds to said patient IMP. 
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2. The pacemaker system as described in Claim 
1, wherein said logic means comprises microprocessor 

circuitry. _ 

3. The pacemaker system as described in Claim 

5 2, wherein said signal processing means comprises analog 
to digital converting means for converting the IMP signals 
into digital signals for subsequent use by said controller 
means. 

4. The pacemaker system as described in Claim 
10 1, wherein said controller means is programmable by 

externally supplied programming signals. 

5. The pacemaker system as described in Claim 
1, wherein said IMP sensing means is positioned near the 
distal tip of said lead means and in close proximity to 

15 said lead means. 

6. The pacemaker system as described in Claim 

1, wherein said logic means comprises hardware logic 
circuitry for carrying out a programmable algorithm for 
determining rate as a function of IMp. 
20 7. The pacemaker system as described in Claim 

1, wherein said logic means comprises programmable 
software means for carrying an out algorithm for 
determining rate as a function of IMP. 

8. The pacemaker system as described in Claim 
25 1, wherein said lead means comprises a screw-in fixation 

tip with an IMP sensor mounted thereon for engaging the 
heart myocardium when the tip is screwed into the 
myocardium. 

9. The pacemaker system as described in Claim 1, 
30 wherein said lead means comprises fixation means for 

fixing said IMP sensing means in the heart myocardium. 

10. The pacemaker system as described in Claim 
1, wherein said IMP sensing means comprises a pressure 



sensor . 
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11. The pacemaker system as described in Claim 
1, wherein said lead means contains at about its tip 
additional sensing means for sensing at least one 
additional parameter associated with said the heart 

5 myocardium. 

12. The pacemaker system as described in Claim 

1, wherein said controller means comprises storage means 
operatively associated with said logic means and holding 
algorithm instructions for controlling said logic means to 
10 carry out a predetermined algorithm for determining pacing 
rate as a function of patient IMP. 

13. The pacemaker system as described in Claim 

12, comprising external programming apparatus for 
inputting algorithm instructions into said controller 

15 means, whereby said instructions are programmable. 

14. The pacemaker system as described in Claim 

13, wherein said external programming apparatus has means 
for programming said stored data to cause said controller 
means to control pacing rate independent of sensed patient 

20 IMP . 

15. A demand pacing system having controllable 
means for generating pacing pulses on demand and lead 
means implantable in a patient's heart and connected to 
said controllable means for delivering said pacing pulses 
to said heart and for detecting the occurrence of natural 
heart beats in said heart, characterized by 

said lead means having sensor means 
insertable into the myocardium of said patient for sensing 
a measure of patient myocardial contractility and for 
30 generating and delivering signals representative thereof 
to said controllable means, and 

said controllable means having rate control 
means for controlling the rate of said pacing pulses as a 
function of said representative signals. 
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16. The pacing system as described in Claim 15, 
herein said sensor means comprises means for sensing IMP. 

17. The pacing system as described in Claim 15, 
wherein said rate control means controls said pacing rate 

5 at a selected one of a plurality of predetermined levels 
as a function of sensed myocardial contractility. 

18. The pacing system as described in Claim 15, 
wherein said lead means has further means insertable into 
said myocardium for sensing at least one additional 

10 parameter thereof, and said rate control means has means 
for controlling said rate as a function of said additional 
parameter. 

19. The pacing system as described in Claim 15, 
wherein said rate control means comprises software 

15 controllable algorithm means for determining pacing rate 
as a function of sensed myocardial contractility, and 
further comprises adjusting means for adjusting said 
algorithm as a function of at least one other sensed 

cardiac parameter. 
20 20. In a demand pacing system, a method of 

controlling the rate of delivered pacing pulses to a 

patient comprising: 

sensing a measure of myocardial 

contractility of said patient's heart, and 
25 determining desired pacing rate as a 

predetermined function of said sensed contractility and 
pacing said patient as a function of said determined rate. 

21. The method as described in Claim 20, 
comprising programming said pacemaker to perform said 

30 determining in accordance with a programmed algorithm. 

22. The method as described in Claim 21, 
comprising re-programming said algorithm from an external 
source. 



WO 87/01947 w ^ PCT/US86/02U4 



10 



- 16 - 



23. The method as described in Claim 21, 
comprising sensing at least one other cardiac parameter, 
and modifying said algorithm as a function of said sensed 

other parameter. 

24. The method as described in Claim 21, 
comprising normally pacing saia patient at a base pacing 
rate, adjusting the pacing rate above said base rate in 
accordance with said alogrithm, timing the time of pacing 
at a rate above said base rate, and adjusting the pacing 
rate back to said base rate after timing out a 
predetermined time. 
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